Uraninite and the supergene minerals from the Červená hydrothermal uranium vein (Jáchymov ore district, Czech Republic) were studied. These supergene minerals represent alteration products of the joint weathering of uraninite and hypogene sulfide minerals, connected to the acid-mine drainage (AMD) systems. The complex geochemistry of the hypogene mineralization provided a unique environment for formation of chemically diverse supergene phases. Among other features, the weathering system is characterized by the high activity of Cu 2+ and REE, which control the composition of the resulting supergene minerals: commonly occurring are Cu-dominant uranyl sulfates of the zippeite group (pseudojohannite, Cu-rabejacite), Cu-dominant uranyl silicates (cuprosklodowksite) or Y-and REE-containing uranyl-sulfate mineral sejkoraite-(Y). The high activity of Cu 2+ and REE is also reflected by the fact that both elements enter minerals, which are nominally Cu-or REE-free (marécottite, rabejacite, tyuyamunite, and compreignacite). The alteration association was evaluated with regard to the crystal-chemical properties of each mineral using the bond-valence approach, documenting distinct evolutionary trends during weathering.
Introduction
Studies on alteration of uraninite, ideally UO 2 , in oxidizing conditions, help us to better understand the processes such as dissolution, transport and retardation/immobilization of uranium and other elements in the environment. Uranyl-sulfates are typical products of uraninite alteration in the acidic oxidizing environment (Ondruš et al. 1997; Finch and Murakami 1999; Meisser et al. 2002; Brugger et al. 2003 Brugger et al. , 2006 Plášil et al. 2012a, b; Krivovichev and Plášil 2013; Plášil 2014 ). The sulfate-rich solutions, resulting from the decomposition of the primary sulfide minerals by descending oxidizing waters, are responsible for the migration of the uranyl ion (UO 2 ) 2+ under the low pH conditions (Fernandes et al. 1995; Brugger et al. 2003 , and references therein).
The studied association of supergene minerals from the Červená vein in the Jáchymov (St. Joachimsthal) ore district represents a typical alteration association of the recent origin, resulting from the weathering and decomposition of the primary uranium minerals, occurring together with copper sulfides, in the old mining workings. This paper presents results of the detailed mineralogical study concerned with the nature and genesis of this mineral association.
Occurrence
The Jáchymov (St. Joachimsthal) ore district, located in the vicinity of the namesake town in western Bohemia, Czech Republic, is a classic example of Ag + As + Co + Ni + Bi + U vein-type hydrothermal mineralization. The ore veins cut a complex of medium-grade metasedimentary rocks of Cambrian to Ordovician age, in the contact aureole of a Variscan granite pluton. The majority of ore minerals were deposited in Variscan times from mesothermal fluids (Ondruš et al. 2003a, b) . Primary and supergene mineralization in this district resulted in extraordinarily rich associations; more than 420 mineral species have been described to date (Ondruš et al. 1997 (Ondruš et al. , 2003b Plášil et al. 2010 Plášil et al. , 2011a Plášil et al. , b, 2012b Plášil et al. , 2013a Sejkora et al. 2010a-c; Tvrdý and Plášil 2010) .
The studied site is located at the Červená vein, (known as "Roter Gang" to the German miners), at the level of the Daniel adit (303 m under the surface) near the Rovnost shaft ("Werner Schacht") (50°22 '18.315"N, 12°53'32.784"E) in the western part of Jáchymov ore district. The vein cuts the Jáchymov-series of metamorphic rocks. In the immediate vicinity of the studied mineralization, a Tertiary basalt dyke intersects the ore vein together with the few fault-zones. The samples described in this study were found on the foot-wall of an old mining adit, partly lying directly on the surface and partly distributed in a material of a thickness up to 10 cm. The material comes from the ore-lens located on the hanging-wall. This ore-lens consisted of the partly altered primary mineralization, namely of uraninite, chalcopyrite and tennantite. The lens was probably mined during the prospecting works in 1950's, when the small portion of the uraninite bearing specimens and fine-grained dust were buried on the footwall of the adit. However this area, probably this accumulation too, is known for longer time; the detailed description of a rich uraninite accumulation in association with copper ores was reported by Štěp and Becke (1904) . The area itself was used for radon water storage for spa in Jáchymov, known as Štěp's springs (Trvala 1962) , since the leaking water from the vein structures and enriched in U-ore deposited on the footwalls provided a very high activity (of about 2884 Mache units = 38.8 kBq/l).
Experimental

Microphotography and scanning electron microscopy
The surface morphology of the samples was studied using the optical microscope Nikon SMZ1500 in combination with the digital camera Nikon DXM1200F (National Museum, Prague) and optical microscope Zeiss Stemi2000. Nikon microscope was also used for microphotography in incandescent light. The details of surface morphology of gold-coated samples were studied with the scanning electron microscopes (SEM) Jeol JSM-6380 (Institute of Geology and Palaeontology, Charles University in Prague) and Hitachi 3700N (National Museum, Prague) both in secondary and backscattered electron modes.
Chemical composition
Chemical composition of studied minerals was obtained using an electron microprobe Cameca SX100 (Joint Laboratory of the Masaryk University and Czech Geological Survey, Brno). Wavelength dispersive mode and following conditions were used. Uraninite: accelerating voltage of 15 kV, current of 60 nA, 5 µm beam diameter; analytic lines and standards: K α lines: Na (albite), Si (sanidine) . Peak counting times (CT) were 10-20 s for major elements, 40-60 s for minor to trace elements and counting time on background was ½ CT. The measured intensities were converted to element concentrations using the PAP program (Pouchou and Pichoir 1985) . Elevated analytical totals of minerals containing a large amount of hydroxyl groups or crystal water are generally caused by water evaporation either under high-vacuum conditions or due to heating of the analyzed spot by the electron beam. Lower analytical totals for some samples are primarily a consequence of their porous nature or due to poorly polished surfaces of soft or cryptocrystalline minerals.
CHIME dating of uraninite
Assuming that all Pb in uraninite is radiogenic, i.e. resulting from the decay of Th and U, the chemical age can be calculated as follows (Montel et al. 1996) Th, respectively (Steiger and Jäger 1977) .
The peak CT for Pb, U and Th in uraninite analyses used for CHIME dating were 120, 60 and 60 s, respectively. In order to obtain as precise Pb concentrations as possible, the measured contents of Pb were manually corrected for YL γ2 , ThM ζ1 and ThM ζ2 overlaps on PbM α . Besides that, the analytical precision of Pb on the M α line is higher than on M β line. We used a set of Th-and U-rich monazites of well characterized ages in range 320-970 Ma to verify the procedure and data.
3.3. X-ray crystallography 3.3.1. Powder diffraction Powder X-ray diffraction data were acquired using several analytical devices.
1. The PANalytical X'Pert Pro diffractometer with a secondary monochromator, producing CuK α1,2 radiation, and X'Celerator silicon solid-state detector were utilized for data collection using the Bragg-Brentano geometry (Institute of Geochemistry, Mineralogy and Mineral Resources, Charles University in Prague).
2. The PANalytical Empyrean diffractometer equipped with a curved Göbel mirror, producing CuK α1,2 radiation, and a PIXcel 3D solid-state detector were employed for measurements in the Debye-Scherrer geometry. Pulverized samples were loaded into 0.3 mm glass capillaries and rotated during the measurement in order to increase the counting statistics. The diffractometer was calibrated against a LaB 6 (NIST) standard.
The unit-cell parameters from the powder data were refined by Celref program (Laugier and Bochu 2004) using the least-squares method. The theoretical powder patterns were calculated using PowderCell software (Kraus and Nolze 1996) based on the known structure data. The Le Bail fitting and Rietveld refinement were conducted using Jana2006 program (Petříček et al. 2006 (Petříček et al. , 2014 .
Single-crystal diffraction
For single-crystal X-ray diffraction experiments was utilized Oxford diffraction Gemini single-crystal diffractometer system equipped with an Atlas detector (using monochromatic MoK α radiation) and fiber-optics Mo-Enhance collimator. Unit-cell refinement and integration of the data (including background, Lorentz effect and polarization correction) and absorption correction (usually combined empirical and analytical correction, after Clark and Reid 1995) were done within CrysAlis RED (Agilent Technologies 2012). Crystal structures were solved from the three-dimensional intensity data by the charge-flipping algorithm implemented in the Superflip program (Palatinus and Chapuis 2007) . Structure models were subsequently refined using the full-matrix least-squares algorithm (based on F 2 ) of the software JANA2006 (Petříček et al. 2006 (Petříček et al. , 2014 . The bond-valence analysis was done following procedures of Brown (1981 Brown ( , 2002 .
Results -minerals and their structural and chemical properties
Primary (hypogene) mineralization
The primary minerals are represented by uraninite and abundant chalcopyrite in the quartz gangue. Besides these two minerals, pyrite, chalcocite and minor tennantite were found in the studied samples. Only rarely the native Bi and Ni-arsenides were found to form small veinlets. Primary uraninite and sulfides are strongly altered and replaced by younger, supergene phases.
Uraninite is present as a residual phase. The centers of the residual aggregates have usually waxy luster, the color changing from blackish more towards grey. Uraninite is usually fine grained, forming intergrowths in the sulphide matrix, seldom occurring as massive aggregates. According to EMPA study, uraninite partially underwent coffinitization along cracks. This phase is characteristic of the less bright regions in BSE images (Fig. 1a) . The cracks that are dark in BSE (on Fig. 1a) are probably newly formed due to the sub-recent oxidation-hydration weathering of uraninite, connected with volume changes (see Janeczek and Ewing 1992) .
According to electron-microprobe study (Tab. 1), the chemical composition of uraninite is very varied. As the main constituents, CaO (up to 4.52 wt. %), PbO (up to 1.90 wt. %), FeO (up to 0.53 wt. %) and the suite of (Y+REE) 2 O 3 (up to 0.43 wt. %) were found by EPMA, besides UO x . The normalized REE pattern (using chondrite composition of McDonough and Sun 1995) shows relative enrichment in MREE and depletion in LREE and HREE (Fig. 2) . Apart from assumed O 2-, a small portion of other anions was detected, including SO 4 2-, PO 4 3-and AsO 4 3-(Tab. 1). An interesting issue arises concerning the amount of U 6+ in the analyzed material, since no direct determination (e.g., using X-ray photoelectron spectroscopy) for the UO 3 content is available. Taking all analyzed UO x as UO 2 , the empirical formula (based on the theoretical composition derived by Janeczek and Ewing 1992) Abundant brochantite forms rich, fine crystalline aggregates of grass to emerald green color (Fig. 3a) , reaching up to 4 mm across. These aggregates are relatively abundant, partly in the material found at the footwall and growing directly on the relics of ore accumulation on the hanging-wall. Brochantite is commonly associated with cuprosklodowskite; however, it was identified in association with all other phases identified at the site, even if spatially isolated. Rarely, brochantite overgrows older uranyl-sulfates. The quick chemical check by electron microprobe (ED spectrum and one measured point in WDS mode, only) confirmed that the main constituents are Cu, S and O.
Powder X-ray data show that brochantite is probably of MDO 1 polytype (Merlino et al. 2003) , crystallizing in the space group P12 1 /a1. The second polytype, MDO 2 , P2 1 /n11 provides a somewhat distinct powder pattern (see e.g., Mills et al. 2010) . The unit-cell parameters obtained from the Le Bail fit are given in Tab. 2 and compared with the published data for this mineral.
In several powder-diffraction patterns of brochantite a few diffraction peaks that might be assigned to antlerite were found. This suggests that antlerite might form part of the powder mixtures with brochantite. 4.2.2. Jarosite, KFe 3 (SO 4 ) 2 (OH) 6 Jarosite is fairly abundant in the material found at the underground site. It forms powdery coatings consisting of globular aggregates. These have irregular shape and uneven surface. The individual globules do not exceed 1 mm in size. Jarosite has creamy whitish beige to whitish orange-brownish color (Fig. 3b) . It was found in most specimens; however, its position in the alteration sequence cannot be deduced from the macroscopic observations.
Based on EMPA study, the chemical composition of the studied jarosite can be expressed by the empirical formula: (K 0.76 5.15 Cl 0.02 (calculated as the mean of 5 points, on the basis of S + P + Si + As = 2 apfu) (Tab. 3). The low totals of the analyses are most probably caused by the extremely porous nature of the studied aggregates.
The presence of jarosite was confirmed by the X-ray powder diffraction. The unit-cell parameters refined from the data are given in Tab. 4 in comparison with those for natural and synthetic jarosites from the literature. (Bérar and Lellann 1991) SG -space group, SC -single crystal data, LS -least-square refinement from PXRD aggregates, which do not exceed 1 mm in size. They have creamy orange-to-orange color and are associated with cuprosklodowskite and gypsum growing on altered gangue (Fig. 3c) . On a one specimen compreignacite formed crystalline aggregates in association with pseudojohannite, rabejacite and gypsum.
Three types of compreignacite crystals were distinguished based on their chemistry. First are rich crystalline aggregates, present only on the single specimen (Fig. 3c) The second type of compreignacite is represented by rounded crystals (Fig. 1b) associated with cuprosklodowskite (Fig. 3d) 7 (mean of 4 point analyses, calculated on the basis of 6 U apfu) (Tab. 5).
Both analyzed types thus correspond to a cationdeficient compregnacite (Fig. 4) with increased Si/S content, similar to compreignacite recently described from the Evangelista vein, Jáchymov (Sejkora et al. 2013) . Remarkable are zones of compreignacite aggregates (Fig. 3c, green) (Rosenzweig and Ryan 1977) are based upon the topology, which is distinct from that of protasite to which compreignacite also belongs (Burns 2005) . Moreover, the Ca 2+ -content in studied phase probably corresponds with the mineral becquerelite, based upon the same topology as compreignacite. We conclude that an existence of the new Cu-dominant uranyl-oxide hydroxy-hydrate mineral that can contain structural sheets based upon protasite anion topology, is likely. The incorporation of the SiO 4 or SO 4 anions is generally conceivable (up to the extent permitted by the charge-balancing mechanism), since the sheets in compreignacite are based upon pentagons and triangles that might be occupied by tetrahedrally coordinated anions.
The unit-cell parameters of typical orange compreignacite (type I), refined from the powder X-ray diffraction data, are similar to those reported from other localities (Tab. 6). Cuprosklodowskite is relatively abundant in the studied association. It forms rich crystalline globular aggregates (up to 1 mm across for the individual spherules) of the light green color (Fig. 3e) . It is associated almost with all minerals identified at the site. Aggregates of cuprosklodowskite consist of very fine, minute prismatic crystals (Fig. 1c) . Cuprosklodowskite is often associated with gypsum and, additionally, on a one sample, it formed ) , derived from the charge-balance bdl -below the detection limit; coefficients of the empirical formula calculated on the basis of Si + P + As + S = 2 apfu.
Tab. 4
Comparison of the unit-cell parameters for jarosite-subgroup of minerals (for the trigonal space group R3m) Powder-diffraction data match well the reference patterns in the ICDD PDF2 database. The refined unit-cell parameters of cuprosklodowskite from the Červená vein are given in Tab. 8 and compared with published data for this mineral.
Johannite is extremely rare -it was found on a single specimen as long prismatic crystals. Crystals are of the dark-green to green color and do not exceed 1 mm in length (Fig. 5 ). Johannite comes usually alone, isolated from the other minerals (on a millimeter scale). It was found in association with pseudojohannite, rabejacite, uranopilite and gypsum. The identification of the mineral has been based solely on the very typical crystal shapes (see Mereiter 1982) .
Soddyite was found only on a single specimen. It forms yellow earthy coatings and aggregates in association with cuprosklodowskite ( Fig. 6a ) covering several cm 2 of the matrix. These crystalline coatings are composed of fine platy crystals (Fig. 1d ). It has a glassy to waxy luster. Powder X-ray diffraction (Tab. 9) confirmed the presence of soddyite. The refined unit-cell parameters are given in Tab. 10, together with the published data. Calculation on the basis of Cu + Si + P + U = 5 apfu; H 2 O* -content from stoichiometry in ideal formula
The yellowish or pale yellow parts of the aggregates (Fig. 6d) are formed by the tiny microcrystals of tyuyamunite (Fig. 1e) . Their dimensions cause the broadening and a diffuse nature of the peaks in the powder X-ray diffraction pattern, making their identification and characterization difficult. The abundant green parts of those microcrystalline aggregates (up to several mm across) belong to a Cu-dominant phase (Fig. 7) . The powder diffraction is of limited use since the crystallites are very small and cause extensive broadening of the diffraction peaks. Still, much of these aggregates belongs (Piret et al. 1980) . The unit-cell parameters obtained from the XRD data (Tab. 12) match those of Piret et al. (1980) (Tab. 13) ; however, the calculated errors on refined parameters are considerably influenced by the broadening of the diffraction peaks. Even though the Xray diffraction seemed to be fairly straightforward, the EMPA suggested a more complex situation (Tab. 14). Uranopilite occurs usually somewhat separated from other uranyl-sulfate minerals. It forms typical crystalline aggregates composed of hundreds of tiny long-prismatic crystals of intense lemon yellow to pale greenish-yellow color. The aggregates reach up to 0.5 cm across and commonly grow in the fractures of the ore-specimens (Fig. 8a) .
The chemical composition of uranopilite studied is near the ideal formula. Its empirical formula is (mean of 5 analyses, on the basis of U + Si + S = 7 apfu) [ Metazeunerite was locally found forming crystalline to poorly crystalline aggregates, with appearance of fluidallike structures. It has green to light green color and imperfect crystals reach up to 1 mm in size. Metazeunerite was not found in association of any other uranyl mineral. It grows directly on a strongly altered surface of an orebearing specimen. The metazeunerite from the Červená vein is nearly pure Cu-member only with a small portion of Fe (up to 0.08 Fe apfu) and Co (up to 0.03 Co apfu) entering the cationic site (Tab. 18). However, interesting are the low SO 4 contents (up to 0.08 S apfu) detected besides dominant AsO 4 (1.87-1.97 As apfu) and PO 4 (up to 0.03 P apfu). Empirical formula of the studied metazeunerite is (mean of 3 analyses, Cu + Fe + Co + S + P + As + U = 5 apfu) ( Calculation on the basis of U = 2 apfu istic of the zippeite-like minerals (Fig. 10a) . The Cu-bearing marécottite is closely associated with cuprosklodowskite and it on-grows the strongly altered surface of the uraninite-bearing specimens along with gypsum crystals.
The chemical composition can be expressed by the e m p i r i c a l f o r m u l a ( m e a n of 3 analyses, on the basis of 8 U (Tab. 21) . The water content was assumed to be equal to the ideal one determined by the crystal structure refinement (Brugger et al. 2003) , i.e. that needed for the charge-balance. As we can see, the low-valence cationic site is characterized by deficiency in occupancy (Fig. 9) . However, this is not an unusual phenomenon among uranyl-sulfates, especially of the zippeite group (Plášil et al. 2011a, b; Števko et al. 2012; Plášil et al. 2013b) .
The powder XRD experiments are challenging, because the Cu-rich marécottite dehydrates quickly after grinding to a powder. Therefore the data acquisition had to be fast. The obtained data allowed us to refine the unit-cell parameters giving reasonable results, similar to the published data. The unit-cell parameters were refined based on the Rietveld refinement algorithm, whereby the crystal structure parameters of Brugger et al. (2003) of minute crystals. According to SEM, the pseudojohannite crystals are long prismatic and form multiple intergrowths (Fig. 10b) . Aggregates have apple to grass green color and strong glassy luster and reach exceptionally up to 8 mm in size (Fig. 11a) . Only on one specimen, the pseudojohannite was found to be in crystals up to 0.2 mm across in association with cuprosklodowksite, Cucompreignacite (type III) and amorphous Cu-containing phases (Fig. 11b) . Pseudojohannite is usually associated with other uranyl-sulfates -uranopilite, rabejacite and brochantite.
Chemical composition of studied pseudojohannite is fairly homogeneous (Tab. 23 (Fig. 9 ). Although the crystal morphology resembles pseudojohannite, a more detailed description and characterization is lacking, because the crystals in the polished section represent the only available material. Because of the higher Cu 
Tab. 17
Comparison of the unit-cell parameters for uranopilite from various occurrences (for the triclinic space group P-1) 
U apfu).
The full structure description for pseudojohannite was recently published by Plášil et al. (2012a) . Still, the new powder diffraction data using proper hkl indices according to the new structure data are lacking so far. Therefore, we present the new powder-diffraction data here (Tab. 25). The refined unit cell from the powder data along with the unit-cell parameters from the preliminary single-crystal X-ray diffraction data are listed in Tab. 26. 3700N ). c -Rabejacite in typical lens-shaped crystals. SE image (Jeol JSM-6380). d -"Fe-rabejacite" crystal aggregate forming alteration rims surrounding unaltered cores of the pure rabejacite crystals. BSE image (Hitachi S-3700N ). e -BSE image of "Fe-rabejacite": mineral (bright) altered to U-depleted Fe-bearing phase (dark grey rims) (Cameca SX100).
Rabejacite, Ca 2 [(UO 2 ) 4 O 4 (SO 4 ) 2 ](H 2 O) 9 and its Cu
2+
and Fe 2+/3+ varieties. Rabejacite is a relatively abundant phase. It forms usually finely crystalline aggregates and coatings, of the yellow or orange-yellow color (Fig. 12a) . Aggregates consist of lens-shaped crystals, reaching only several microns across (Fig. 10c) . Less common are crystalline aggregates composed of inconspicuous scattered larger (0.3-0.5 mm) crystals of orange or yellowish-orange color (Fig. 12b) . These crystals however reach up to 0.3-0.5 mm across. Rabejacite occurs usually in a close association with "Fe-rabejacite", uranopilite and gypsum on the strongly altered surface of the gangue. . Here we anticipate some recent results of the structure study of rabejacite, which are a subject of a forthcoming specialized paper. According to the single-crystal X-ray diffraction, the two different cationic sites can be distinguished in the rabejacite structure. First one, where the cations are coordinated by a higher number of ligands (~7) Another unusual mineral phase -"Cu 2+ -rabejacite" -forms crystal aggregates composed of tabular crystals of greenish yellow to light green color that reach up to 0.5 mm (Fig. 12c) . It has strong glassy luster and a perfect cleavage. This phase was found only on two specimens and thus the amount of material available is limited. It closely associates with sejkoraite-(Y), zippeite and cuprosklodowskite. , occupying probably the [7] Ca site, is not surprising, since the Y 3+ -dominant member of the zippeite group, sejkoraite-(Y), was described by Plášil et al. (2011a) from the same samples as used in the current study.
The so-called "Fe-rabejacite" (Fig. 12a) , usually occurs along with rabejacite and differs from the yellowish rabejacite by its more orange or brownish-orange tint. The powder XRD pattern of this phase is very similar to that of rabejacite. According to qualitative EDS analyses, the main constituents are U, S, O, Fe > Ca. Finally, the SEM (Fig. 10d) and BSE (Fig. 10e) images revealed that the surface of the rabejacite crystals is covered by a thin alteration crust, probably partially amorphous phase. Backscattered electron image clearly shows that the surface area is depleted in heavy elements compared to the center of the crystals. This suggests release of UO 2 2+ from the surface layer and replacement by Fe (most probably as Fe 3+ ). The single-crystal XRD study of rabejacite is complicated, since it forms mostly powder aggregates which do not contain any suitable crystals. During the current work, several crystals of rabejacite and so-called Cu-rabejacite were found and used for the single-crystal X-ray diffraction study. The preliminary results, already cited above, suggested that rabejacite is triclinic and belongs to the space group P͞ 1, with a = 8.7434 (11) 24 , is a new mineral phase of the zippeite-group, described from the Červená vein and approved by the CNMNC of the International Mineralogical Association (Plášil et al. 2011a) . It is the first zippeite-group mineral that contains trivalent cations. It is triclinic, space group P͞ 1, with a = 14.0743(6), b = 17.4174 (7) (Plášil et al. 2011a 24 . Nearly whole suite of REE was detected by electron microprobe. The full analysis is given in the original description (Plášil et al. 2011a ). However, here we present the chondrite (McDonough and Sun 1995) normalized REE pattern (Fig. 2) , which was not included in the above-mentioned paper. The normalization shows strong enrichment of medium to heavy REE with a maximum around Dy.
Sejkoraite-(Y) was found only very rarely at the studied site. Still, it forms conspicuous crystalline aggregates up to 1 mm across composed of well-developed yellow-orange to orange crystals, with a strong vitreous luster (Fig.  12d) . Sejkoraite-(Y) was found in the direct association with rabejacite, Cu 2+ -rabejacite as well as zippeite, pseudojohannite, uranopilite, cuprosklodowskite and gypsum.
Zippeite,
+ -dominant member of the group) are limited to a few localities worldwide; more common are the Na-(natrozippeite) or M 2+ -containing (magnesiozippeite) members of the group. At the underground-site studied, Mg was mostly lacking but Ca with K were prominently supplied probably from the dissolved minerals in the nearby basalt dyke. This is likely the reason, why zippeite is relatively abundant at the studied locality. It forms usually orange crystals (Fig. 13a) or aggregates, up to 2 mm in size. The individual crystals are euhedral, rarely reaching up to 250 μm across (Fig. 14a) . The size and quality of the crystals enabled a complete crystallographic study (Plášil et al. 2011b ). According to single-crystal X-ray diffraction, zippeite is monoclinic, the space group C2/m, with unitcell parameters a = 8.7802(6), b = 13.9903(12), c = 8.8630(6) Å, β = 104.524(7)° with the unitcell volume V = 1053.92(12) Å 3 and the ideal structure for- Plášil et al. (2011b) , chemical composition of this zippeite can be expressed by an empirical formula (mean of 4 point analyses, calculated on the basis of K + Na + Ca + Fe + Co + S + Si + U = 8 apfu): 4 , providing a rare agreement between the results of the crystal structure refinement and the electron microprobe analysis. There was also identified a probably later precipitating microcrystalline (powdery) zippeite, in places covering the crystalline aggregates of the above-described zippeite (Fig. 13b) . Aggregates are composed of minute crystals of the characteristic lenticular shape (Fig. 14b) . Powder-diffraction data are similar to the older zippeite. The refined unit-cell parameters are given in Tab. 29.
Discussion
Studied weathering association represents a very typical assemblage resulting from the acid-mine drainage (AMD) processes at the uranium deposits dominated by sulfate minerals. Similar alteration associations were described from e.g. La Creusaz, Switzerland (Meisser et al. 2002; Brugger et al. 2003) or Rožná, Czech Republic (Veselovský and Ondruš 2002) . Besides the activity of SO 4 2-, higher than at other known accumulations of the supergene uranyl minerals in Jáchymov (e.g., Ondruš et al. 2003d; Sejkora et al. 2013), there are several important features that make the studied mineralization interesting.
The chemical formula of uraninite and its CHIME age
The chemical composition of the studied uraninite was calculated considering all the U content analyzed as being U 4+ (measured as UO 2 ). Since it is to be expected that not all the U is tetravalent, but certain portion should be present as U 6+ , due to the oxidizing weathering of uraninite (Finch and Ewing 1992) , and no direct analysis for U 4+ /U 6+ ratio in analyzed sample is available (as e.g. from X-ray photoelectron spectroscopy), the empirical formula given has only estimentative value. Besides U, the most common elements in the structure of uraninite are Ca 2+ and REE 3+ (Janeczek and Ewing 1992) . The Ca . Recently, two exotic minerals were described rom the northern Caucasus: elbrusite-(Zr) and vorlanite (Galuskina et al. 2010; Galuskin et al. 2011 ). The former is an U-bearing garnet, where U (as well as Ca) is bounded into highly metamict domains of the crystals. The latter is cubic (Fm͞ 3m) CaU 6+ O 4 , where U 6+ and Ca 2+ occupy the same site (50/50). Since these cations have distinct ionic radii (
[8] U 6+ = 0.86 Å, [8] Ca 2+ = 1.12 Å), vorlanite possesses a highly disordered structure.
The real nature and fate (not only) of Ca 2+ in the structure of uraninite remains unknown and its clarification would require precise TEM/HRTEM studies, which, however, would be difficult, for instance due to radiation damage of the crystal lattice. The uraninite from Jáchy-mov, in general, underwent several hydrothermal events (Ondruš et al. 1997 (Ondruš et al. , 2003a , also connected with remobilization of elements and, in particular, the radiogenic Pb. Such explanation is also partially supported by the CHIME dating results yielding the age of 154-160 Ma (Tab. 1), which is in accord with the results of Legierski (1973) , who provided following model ages on uraninite from Jáchymov: 75, 140, 165, 202, 247 and 285 Ma. According to Förster and Haack (1995) , uraninite ages for 
Tab. 25
Powder diffraction data for pseudojohannite from the Červená vein, Jáchymov U-deposit Aue-Niederschlema (Saxony), located in the tectonic zone Gera-Jáchymov were 190 ± 4 and 120 ± 6 Ma for younger remobilization stages. Further loss of radiogenic Pb was indicated by ages of 80 ± 8 Ma and 0-40 Ma. Förster and Haack (1995) concluded that these reflected a crustal reactivation rather than a magmatic activity. 
The abundance of Y and REE
The relative abundance of supergene minerals containing Y and REE within the studied association reflects the specific conditions of the vein. It is already known that Y and REE are more abundant in the vein cluster Rovnost, dominated by the Geister vein. From the outcrops and also underground workings located on this vein are known xenotime-(Y), agardite-(Y) and churchite-(Y) (Ondruš et al. 1997 (Ondruš et al. , 2003a Frost et al. 2010 ; unpublished data of the current authors) as well as the samples of uranyl-carbonate mineral kamotoite-(Y) (Ondruš et al. 1997) . Unfortunately, the latter cannot be localized within a particular vein. The main source of Y and REE in the currently studied weathering association is most likely uraninite. The WDS analyses proved that unaltered uraninite shows elevated contents of Y and REE and also depletion in these elements with increasing alteration (leached zones) or coffinitization (Fig. 1a , Tab. 1).
Although the chondrite-normalized REE patterns of sejkoraite-(Y) and uraninite (Fig. 2) show coincidently maxima around Dy, they differ. The structure of sejkoraite-(Y) will more strongly prefer the MREE-HREE over LREE (based on their corresponding ionic radii) compared to uraninite.
The dominating role of Cu
2+
In all groups of supergene minerals present at Červená vein, the Cu 2+ is the dominating constituent. It occurs in cuprosklodowskite (uranyl silicates), pseudojohannite and johannite (uranyl sulfates), in zeunerite and CuUOVO phase (uranyl arsenates/vanadates), and in brochantite/ antlerite (uranium-free sulfates). The high activity of Cu in the mineral system is also well documented by the fact that Cu enters minerals, which are nominally Cu-free (marécottite, rabejacite, tyuyamunite, and compreignacite). The character of the primary mineral association is responsible for such abundance of Cu 2+ , because uraninite is intimately associated with chalcopyrite, tennantite and 
Searching for the source of V 5+
There was no apparent primary vanadium-containing mineral found in the studied association. However, in a single polished section dominated by primary minerals -uraninite and sulfides (chalcopyrite, chalcocite) -we noted an interesting mineral phase. Based on EDS it contained major Fe, Si, Al and minor V and Cu. It formed aggregates in quartz, up to 300 μm across, commonly associated with at the contacts more or less coffinitized uraninite. From the BSE and SE images it was obvious that the surface of those parts is uneven and the aggregates are very porous (and probably also chemically inhomogeneous). The EMPA confirmed (Tab. 30) that these aggregates belong to roscoelite, ideally K(V 5+ , Al, Mg) 2 AlSi 3 O 10 (OH) 2 , reported from Jáchymov by Šrein and Langrová (1999) . This phase may have represented the source for vanadium in the studied mineral system. simple crystal-chemical considerations, Schindler and Hawthorne (2008) showed that some properties of the structure units (Lewis basicity, charge-deficiency per anion, respectively) reflect the conditions when such structure unit formed from the solution. These authors developed so-called bond-valence approach to describe the relations between the chemical composition of the e.g., uranyl-oxysalts (Schindler et al. 2000; Schindler and Hawthorne 2001a -c, 2004 , and their stability.
In the following paragraph we would focus on currently studied association and point out some conclusions based on the above-mentioned approach. We use the terminology that will not be reviewed here, as it is beyond the scope of the current paper. For explanations of the terms used, we advise the reader to check the papers by Hawthorne (2001a, 2008) , Hawthorne and Schindler (2008 ), Brown (2009 ) and Hawthorne (2012 . Schindler et al. (2000) introduced a variable called "average basicity of the structural unit", re-named later to the "charge-deficiency per anion" (CDA). It is defined as the average bond-valence per O atom contributed by the interstitial species and adjacent structural units. It is an extremely important variable as it correlates strongly with the average O-coordination number of the structural unit, and hence plays a crucial role in the predictive power of the bond-valence approach. The charge-deficiency per anion values represent the average bond-valence per O atom required by the structural unit to satisfy the principle of correspondence of Lewis acidity-basicity, the mean-field equivalent of the "valence-matching principle" of the bond-valence theory (Brown 2009; Hawthorne 2012) . It was demonstrated in the papers mentioned above that the CDA value depends on the pH of the solution, from which such a structure (or structural units or fragments) forms. Conversely, when considering the formation of some mineral association and its evolution, it is very useful to look at its composition from the point of view of the bondvalence approach. Similar method has been recently applied by Plášil et al. (2014) to evaluate SO 4 -rich alteration association from the Blue Lizard mine in Utah (U.S.A.).
The overview of the CDA values, characteristic of the structure units of studied supergene association, is given in Tab. 31. The minerals may be grouped into clusters, defined by the similar values of CDA, matching well the mineral associations observed. As noticed above, the CDA value generally increases with the increasing pH of the system. The absence of carbonates leads to the formation of locally very acid solutions rich in SO 4 2-(through the decomposition of pyrite and chalcopyrite) and AsO 4 3-(from tennantite). They contain also dissolved cations from the decomposed minerals, namely Cu, Fe or U 6+ . The evolution of the solutions and subsequent processes involving formation Schindler and Hawthorne (2001c) , we know that such minerals usually form from the solution of the lowest pH within the particular system and when the activity of all cations in the solution is low (!). Such conditions are characteristic, for instance, of the very initial stages of uraninite alteration. Indeed, schoepite is usually described as the first phase to form from oxidation-hydration weathering (Schindler and Hawthorne 2004) . Soddyite was found only in one specimen, isolated from other phases. Schoepite was not detected within the association; however, closely related minerals, such as the cation-deficient compreignacite and compreignacite were identified. Those minerals are characterized by high CDA values. Uranopilite (CDA ~0.12 vu) usually occurs somewhat isolated or with other sulfates that have higher CDA (like the association of rabejacite + (Ca/Cu)-rabejacite + cuprosklodowskite). Similarly, zippeite (CDA ~0.12 vu) is more or less isolated from other uranyl-sulfates in the studied specimens. The very typical assemblage is represented by pseudojohannite, compreignacite (also containing Cu 2+ ) and cuprosklodowskite. Another copper uranyl-sulfate, johannite, occurs somewhat isolated from the above-mentioned phases (even if on the same sample), which is supported by the lower value of CDA, suggesting that the mineral formed from more acid solutions. Sejkoraite-(Y) occurs usually in association with rabejacite or Cu/Y-rabejacite (CDA ~0.20-0.23). The Cu-marécottite was found together with cuprosklodowskite (CDA 0.16 and 0.20 vu); however, they never form intergrowths and occur isolated in the given specimen. Zeunerite, as well as tyuyamunite-like phases were found isolated from other minerals. The different conditions of origin may also be supported by the value of CDA (~0.17 vu) distinct from other phases. Brochantite (CDA ~0.12 vu) is present in most samples, while antlerite (CDA ~0.10 vu) was identified only in a few. Brochantite is a very common mineral. It occurs usually somewhat isolated from the other phases; however, remarkable minerals, found in a closer association, are compreignacite, Cu 2+ -bearing compreignacite (0.15 vu) or cuprosklodowskite (0.20 vu) .
While discussing the mineral stabilities, we have to consider an increasing number of thermodynamic/ solubility data for uranyl minerals and especially for uranyl-oxide hydroxy-hydrates (i.e., Jang et al. 2006; Kubatko et al. 2006; Gorman-Lewis et al. 2007; Gorman-Lewis et al. 2008a, b; Shvareva et al. 2012) . Most recent review of the thermodynamic data for metaschoepite (Kubatko et al. 2006) showed that metaschoepite, and also schoepite as precursor, are thermodynamically unstable at any conditions. If there is a significant amount of Si 4+ dissolved in the solution, uranyl silicates form and replace metaschoepite/schoepite (Shvareva et al. 2012) . The products of similar processes were documented from nature (e.g., Thoreau and Vaes 1932) . Soddyite might form under low pH conditions, high Si 4+ activity and low activity of low-valence cations in the solution (Shvareva et al. 2012) . When activity of mono-or divalent cations increases (along with low activity of Si 4+ , P 5+ and As 5+ ), formation of uranyl-oxide hydroxy-hydrate is favored (Shvareva et al. 2012 ). In the paragenetic sequence, uranyl-oxide hydroxy-hydrate minerals containing monovalent cations will occur under lower pH and lower activity of M 2+ (Schindler and Hawthorne 2004) . The CDA value of the structural units in uranyl-oxide hydroxyhydrate minerals varies over a relatively narrow range (0.08-0.29 vu), which reflects the small range of pH (5 to 8) over which almost all of these minerals have their maximum stability (Schindler and Hawthorne 2004) as supported by the dissolution experiments (Gorman-Lewis et al. 2008a, b) . With respect to our observations, we may conclude that due to the high activity of Cu 2+ , S 6+ and Si 4+ in the solution, the early alteration phases are of limited importance. If present, they are represented by compreignacite-like phases or very rarely occurring uranyl-silicate soddyite. The high activity of Cu 2+ and Si 4+ favors the formation of cuprosklodowskite instead of typical uranophane abundant when Ca 2+ is available. As the early alteration products we may present uranyl-sulfate minerals uranopilite (high molar proportion of UO 3 and H 2 O in the structure formula) and also zippeite. As stated above, the existence of new Cu 2+ -containing uranyl-oxide hydroxy-hydrate mineral is highly possible. Within the family of the uranyl-oxide hydroxy-hydrate minerals exists vandenbrandeite, Cu(UO 2 )(OH) 4 (Schoep 1932), containing electro-neutral sheets of the vandenbrandeite anion-topology (Rosenzweig and Ryan 1977; Burns 2005) . However, the composition of this phase does not fit the studied association. The CDA value of 0.47 vu suggests that the mineral should be stable under much more alkaline conditions, similar as e.g. other exotic uranyl-oxide hydroxy-hydrate mineral uranosphaerite, Bi(UO 2 )O 2 OH (Hughes et al. 2003) . It seems that in the paragenetic sequence this gap can be replaced by Cu-dominant compreignacite, which may represent a new mineral species.
Conclusions
The studied mineral association represents a typical example of U-rich acid-mine drainage mineral assemblage of recent origin. The very typical features of the supergene geochemistry originated from the chemical composition of both the primary ores and the surrounding rocks: the high activity of Cu 2+ (from dissolved chalcopyrite), the abundance of Y and REE (from uraninite) and the presence of V 5+ (from a dissolved Fe-VSi-O phase, probably similar to montroseite). The several alteration associations were identified within the studied assemblage. They do not differ in terms of their temporal evolution (as it is well known from the group of Pb 2+ -containing uranyl-oxide hydroxy-hydrate minerals), but they are distinct in terms of the pH under which they formed and also the activity of cations in the solution. Both features vary on the microscale, as it is characteristic of such a mineralization. There are minerals stable at low pH and absence of any metal in the solution, e.g., uranopilite, and those stable at higher pH and higher activity of metal cations, e.g., brochantite. The studied minerals do not represent an in-situ stable mineral association of the supergene zone, but rather that of the initial weathering-stages of primary uranium minerals forming under the acid conditions.
